Abstract Background: Obesity is an independent risk factor for osteoarthritis and has been associated with increased rate of complications following lower-extremity total joint arthroplasty (TJA). Bariatric surgery (BS) is a surgical option for weight loss and for reducing obesity-related comorbidities in morbidly obese patients. Purpose/Questions: The goal of this systematic review was to answer the following questions: (1) Does BS prior to TJA correlate with lower post-operative complication rates in morbidly obese patients undergoing TJA? (2) Does BS have an impact on revision rates following TJA? Methods: Using the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) statement and checklist, a systematic review of medical databases (PubMed/ MEDLINE, Cochrane Library, Web of Science, and Clinicaltrials.gov) was undertaken for articles published in English from January 1990 to September 2018. Inclusion criteria were studies that included at least ten patients who underwent BS prior to TJA, collected data on complications or other outcomes, and followed patients for at least 90 days after TJA. A descriptive and critical analysis of the results was performed. Results: From 799 studies, 13 met inclusion criteria. A total of 11,770 patients who had undergone bariatric surgery prior to TJA were analyzed. The quality of the evidence ranged between moderate and high. There was no consensus on the effect of previous BS on early-to short-term outcomes reported after TJA. Conclusion: The literature remains conflicted on the impact of BS prior to TJA on early, short-term, and long-term complications after TJA. Additional well-matched, observational studies may further our understanding of the impact of BS prior to TJA on outcomes. In particular the effect of various types of BS prior to TJA on outcomes has yet to be elucidated. Ideally, prospective studies with higher level of evidence will be more definitive on the effects of BS prior to TJA.
Introduction
Obesity, in particular morbid obesity, has been increasing in the USA at an alarming rate [39] . Obesity is defined as a body mass index (BMI) of greater than 30 kg/m 2 , while morbid obesity is defined as a BMI of greater than 40 kg/m 2 ; obesity is associated with numerous comorbidities, including type 2 diabetes, cardiovascular diseases, and chronic back pain [6, 7] .
In addition, obesity has been widely accepted as an independent risk factor for osteoarthritis of the hip and knee [2-4, 9, 13, 30, 34] . As a final treatment, total hip arthroplasty (THA) and total knee arthroplasty (TKA) remain the gold standard treatments for osteoarthritis of the hip and knee [12] . The rates of THA and TKA performed has increased along with the increase in rates of obesity [12] . A recent study found that 56.5% of patients who undergo TKA as a result of severe osteoarthritis are obese [27] . Obesity has been associated with worse clinical outcomes after total joint arthroplasty (TJA), including poor wound healing, increased infection rate, and post-operative stiffness [11, 44] .
Weight loss strategies used in the treatment of obesity include lifestyle modification and pharmacotherapy [23, 25] . However, for morbidly obese patients having inadequate weight loss from medical weight management, bariatric surgery (BS) is an option. The strongest indication for BS is a BMI greater than 40 kg/m 2 , or BMI greater than 35 kg/m 2 with an obesity-related comorbidity, such as hypertension or diabetes [25] . Compared to patients attempting non-surgical weight loss, people who undergo BS are more likely to experience greater, more sustainable weight loss at long-term follow-up [18, 23] . Furthermore, BS has been shown to reduce obesity-related comorbidities [5, 21, 35] . Recently, more clinical studies have been published investigating the associations between BS and lowerextremity TJA outcomes. The goal of this study was to review the literature regarding BS prior to TJA. Specifically, we aimed to answer the following questions: (1) Is BS prior to TJA correlated with lower post-operative complication rates in morbidly obese patients undergoing TJA? (2) Does BS have an impact on revision rate following TJA?
Methods
This review was registered with PROSPERO (no. CRD42016043025). Using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement and checklist [26] , a thorough search of electronic databases (MEDLINE/PubMed, Cochrane Library, Web of Science, and ClinicalTrials.gov) was undertaken for articles published from January 1990 to September 2018. The keywords used in the initial screening were split into two groups. The first group of search terms was bariatric surgery, gastric bypass, gastric band, lap band, gastric sleeve, duodenal switch, Roux-en-Y, and surgical weight loss. The second group of search terms was total knee arthroplasty, knee replacement, total hip arthroplasty, hip replacement, and total joint arthroplasty. Each database was queried using combinations of these search terms, with each search including one keyword from each group. Two of the authors (A.G. and J.S.C.) independently performed the search and uploaded their search results into a spreadsheet tool. Once completed, they reconciled their findings. See Appendix 1 for more on the search strategy.
The inclusion criteria were (1) studies describing human subjects of any age and gender, (2) studies including a population of at least ten patients who underwent BS (gastric bypass, gastric band, lap band, gastric sleeve, duodenal switch, Roux-en-Y) prior to TJA, (3) studies presenting data concerning complication rates and/or other outcome measures for patients who underwent BS prior to TJA, and (4) studies following patients for a minimum of 90 days after TJA. The exclusion criteria were (1) review articles; (2) case reports; (3) studies examining exclusively non-surgical weight loss strategies; (4) studies stratifying patients based on peri-operative management (anesthesia protocol, limitation of blood loss, surgical technique, prosthesis type, etc.), in which allocation of patients who previously underwent BS is not specified; (5) studies in which subjects did not undergo TJA; and (6) non-English language publications. For articles that met the inclusion criteria, the reference lists were screened for additional studies not captured using the initial search terms.
Two reviewers (A.G. and J.S.C.) extracted data from the articles eligible for study inclusion. During initial data review, the following information was collected for each study: title; author; study design; primary study outcomes; study cohorts; mean age; mean BMI; sex; 30-day complications; 90-day complications; 1-,2-, 5-, or 10-year complications; mortality; outcome rate; revision rate; and hospital length of stay (LOS). Two reviewers independently evaluated the level of evidence using the Oxford Centre for Evidence-based Medicine (CEBM) guidelines [45] , a widely used tool for study appreciation, allowing for comparison of studies based on their design. Only studies with a CEBM rating of 4 or better were considered. The methodological quality of the reviewed papers was assessed using the revised version of the Methodological Index for NonRandomized Studies (MINORS) criteria, which allow for the calculation of a score that corresponds to the soundness of the methodology in comparative and non-comparative surgical studies [38] . The maximum MINORS score is 16 for non-comparative studies and 24 for comparative studies. The score for each study was converted to a percentage of the maximum possible score for that study design and evaluated qualitatively in accordance with Yeung et al.'s framework for methodological quality: under 25% (very low quality), 25 to 49% (low quality), 50 to 74% (moderate quality), above 75% (high quality) [46] .
Results
Overall, the database search led to the identification of 799 total studies. In total, 129 duplicates were identified and removed, yielding 670 unique results. A title and abstract screening using the described inclusion and exclusion criteria was performed in duplicate to evaluate all remaining studies. Papers remaining after the title and abstract review were subject to a full-text review. After the full-text review, 13 papers were found to satisfy all inclusion and exclusion criteria (Fig. 1) . Table 1 provides an overview of the design, methodological quality, size, and outcomes reported in each included study.
In total, 11,770 patients who had BS before TJA were reported. Outcomes studied included early (in-hospital and 30-day) complications, 90-day complications, 1-or 2-year complications, mortality rates, revision rates, and LOS. Of the 13 studies included in this review, 5 (38%) analyzed both THA and TKA after BS [15, 17, 24, 28, 31] , while 7 (54%) focused exclusively on TKA [19, 22, 29, 30, 36, 37, 43] . One paper (8%) focused solely on THA [42] . All studies were retrospective. Among the 13 studies, 12 (92.3%) were CEBM level 3b and one study (7.7%) was CEBM level 4 ( Table 1 ). The average MINORS score was 17.6 (73.3%; range 8 to 21). Among the selected studies, three (23.1%) denote reduction in BMI between BS and TJA [22, 31, 42] , while 10 (76.9%) did not mention changes in BMI [15, 17, 19, 20, 24, 28, 29, 36, 37, 43] .
Complications
All studies reported post-operative complications, most commonly at less than 30 days [15, 20, 24, 28, 29] or 90 days [15, 17, 20, 24, 29, 36, 37, 43] . Cutoffs of 1 year [17, 19, 20] , 2 years [19, 29, 42] , or 10 years [42] were reported in five studies (38.5%), while two studies (15.4%) did not provide a specific time frame for when complications occurred [22, 31] .
Peri-Operative and Early (Less than 30 Days) Complications
In the only study that evaluated in-hospital complications [24] , the in-hospital complication rate for patients who underwent BS before TKA was lower (2.7%) than the rate in a matched morbidly obese control population (3.9%; p = 0.021). The odds ratio for in-hospital complications for patients who underwent BS compared to morbidly obese controls was 0.69 (95% CI 0.51-0.95; p = 0.021). Likewise, for THA patients, the odds of in-hospital complications was significantly reduced for patients who had undergone prior BS (OR = 0.25, 95% CI 0.13-0.50) [24] .
In total, four studies (30.7%) [15, 20, 28 , 29] compared 30-day complications in patients who underwent THA and TKA before BS to those who underwent BS before TJA. In three studies, there was no significant difference between the BS and non-BS groups [15, 20, 28] (Table 2) . Nickel et al. compared 30-day complications in patients who underwent BS before TKA to a group of normal-weight individuals and a group of morbidly obese individuals, finding that most complications occurred with the highest frequency in the BS-before-TKA group [29] . Nickel et al. reported significantly higher 30-day complications in patients who had BS before TKA when compared to normal-weight individuals undergoing TKA (p ≤ 0.001) [29] . For the same complications, the BS-before-TKA population also had higher rates than morbidly obese controls (p ≤ 0.001). Of note, Nickel et al. observed the highest prevalence of comorbidities in the BS-before-TKA population and did not take comorbidities into consideration, which may have confounded their results [29] . One study (7.6%) used descriptive statistics to evaluate whether the amount of time between BS and subsequent TJA affected 30-day complication rates [17] . Complication rates were 1.5% (95% CI: 0.0-4.3) for those who had BS more than 2 years prior to TJA, 2% (95% CI: 0.0-4.7) for those who had received BS within 2 years prior to TJA, and 2% (95% CI: 1.7-2.2) for those who had a BMI greater than 40 or a BMI greater than 35 with osteoarthritis and one additional comorbidity (Table 2) [17].
Short-Term (90-Day) Complications
In total, five studies (38.4%) investigated 90-day short-term complication rates [15, 20, 24, 36, 43] . Two studies (15.4%) found lower 90-day complication rates for patients who underwent BS before TKA compared to a morbidly obese control population [24, 43] . McLawhorn et al. reported decreased odds (OR = 0.61, 95% CI: 0.45-0.84) of 90-day complications including infection, sepsis, deep vein thrombosis (DVT), and pulmonary embolism (PE) in patients who underwent BS before TKA, although there was no decreased odds of 90-day complications in THA patients (OR = 0.86, 95% CI: 0.50-1.48) [24] . Werner et al. categorized complications based on severity and reported significantly lower rates of major complications (9.6 vs. 19.0%, OR = 0.45, p = 0.001) and minor complications (15.1 vs. 22.6%, OR = 0.61, p = 0.01) for the patient groups who underwent BS before TKA [43] . Non-obese individuals had significantly lower rates of major complications (6.1%) and minor complications (8.3%) than both the morbidly obese and BS groups [43] , suggesting that BS may not entirely mitigate the risks of previous morbid obesity. Further, BMI data at the time of TJA were not available, as both of these studies relied on administrative and billing databases. Three studies (23.1%) found no impact, positive or negative, of BS on 90-day TKA complications [15, 20, 36] .
Three studies (25%) evaluated whether the amount of time between BS and TJA affects 90-day complication rates [17, 36, 37] . Severson et al. [37] reported no significant difference in 90-day complication rates between patients who had TKA before BS (21%), BS less than 2 years before TKA (4%), and BS more than 2 years before TKA (16%). Similarly, Schwarzkopf et al. determined no difference in THA total hip arthroplasty, TJA total joint arthroplasty, TKA total knee arthroplasty, CEBM Centre for Evidence-Based Medicine, MINORS Methodological Index for Non-Randomized Studies 90-day TKA complications based on time from BS to TKA [36] . Inacio et al. [17] did not perform a statistical analysis that allowed comparison of 90-day complication rates across groups but reported complication rates for patients who underwent BS less than 2 years before TJA (2.0%), BS more than 2 years before TJA (1.5%), and morbidly obese controls (2.7%).
Complications After at Least 1 Year of Follow-Up
Six studies (46.2%) documented the 1-to 2-year post-operative complication rates [17, 19, 20, 29, 31, 42] . One study reported rates of 1-year post-operative complications, defined as death, surgical site infection, DVT, PE, and/or revisions based on the timing of BS and TJA ( [29] . Compared to morbidly obese patients, those who had BS before TKA had higher rates of periprosthetic joint infection (p = 0.002), manipulation (p < 0.001), extensor rupture (p < 0.001), and osteolysis (p = 0.049). Neurovascular injury occurred at similar rates between groups [29] .
Mortality Rate
Three studies (23.1%) reported mortality rates for TKA [29] or TKA and THA combined (Table 2) [24, 27] . Inacio et al. [17] observed no deaths within 90 days for those who underwent BS more than 2 years prior to TKA (n = 69) and those who underwent BS less than 2 years prior to TKA (n = 102) [17] . Kulkarni et al. reported one death within 90 days in 90 patients who underwent BS before TJA and no deaths in 53 patients who underwent BS after TJA [15] . Nickel et al. identified a higher mortality rate in patients who underwent BS before TKA (0.22%) compared with patients who underwent TKA without BS, both in the low BMI (0.08%, OR 2.85, p = 0.037) and high BMI (0.06%, OR 3.90, p < 0.001) groups [29] .
Revision Rate
Ten studies (76.9%) reported revision rates [15, 17, 19, 20, 22, 24, 28, 29, 31, 36] . Five studies [15, 20, 24, 28, 31] found no increase in re-interventions for patients who underwent BS before TKA. McLawhorn et al. included TKA performed in New York State between 1997 and 2011, and the authors did not identify a significant difference in revision rates between those receiving preoperative BS and morbidly obese non-bariatric patients (hazard ratio [HR]: 0.90; 95% CI: 0.69-1.17; p = 0.431) [24] . When TKA revision was required, BS patients had a longer mean time between index TKA and revision TKA compared to obese patients who had not undergone BS (mean: 831 ± 759 vs 635 ± 656 days, p = 0.038). For THA patients in this study, there were no differences in revision, dislocation, or fracture rates [24] . At 1-year followup, Kulkarni et al. [15] found no TKAs required revision in patients who had BS prior to TKA (n = 37) or patients who had BS after TKA (n = 31) [15] . Nearing et al. found that timing of BS (before or after TJA) did not significantly affect revision and re-operation rates [28] . In populations of patients who underwent BS and THA or TKA, a small case series showed a 0% revision rate in 12 TKAs in 7 patients, with a mean follow-up of 3.7 years (range: 2-11 years) [31] . Comparing patients who underwent BS to morbidly obese patients prior to THA, Watts et al. saw a significant reduction in 1-, 2-, 5-, and 10-year revision risk [42] .
Four studies (30.7%) [17, 19, 22, 29] suggested that patients who underwent BS before TKA were at higher risk for re-interventions. Martin et al. [22] found that the BS-before-TKA group had greater risk of re-operation compared to the high-BMI group (HR: 2.55, p = 0.02) and low-BMI group (HR: 2.4, p = 0.02). The BS-before-TKA group had greater risk of revision than the low-BMI group (HR: 2.2, p = 0.04), but not the high-BMI group (HR: 1.39, 95% CI: 0.4 to 4.7; p = 0.57). Nickel et al. [29] showed patients who underwent BS before TKA had a greater revision rate (7.38%) than both high-BMI (4.83%, OR: 1.57, p < 0.001) and low-BMI patients (2.52%, OR: 3.09, p < 0.001) who did not undergo BS [29] . While no statistical analysis was performed, Inacio et al. observed a trend toward higher revision rates in patients with BS greater than 2 years prior to TJA (3.4/100 years of observation), than in patients with BS within 2 years of TJA (2.7/100 years of observation), and those without BS (1.0/ 100 years of observation). It should be noted that these rates include THA [17] .
Hospital Length of Stay
Hospital LOS was reported in four studies (30.7%) [15, 17, 28, 37] , of which one study [28] found statistically significant differences between groups. Nearing et al. [28] found that LOS was greater for patients who had TKA/THA before BS (3.8 ± 1.4 days) than after BS (2.9 ± 0.7 days; p = 0.0002). Severson et al. [37] found no significant difference in LOS days for patients who underwent TKA before BS (6.1 ± 2.3 days), patients who underwent TKA or 2 years or less after BS (5.7 ± 1.9 days), and patients who underwent TKA more than 2 years after BS (6.0 ± 3.0 days) [37] . Kulkarni et al. reported LOS of 7 days for the general TJA population, compared with 6.7 and 6.2 days for patients undergoing TJA before and after BS, respectively. No statistical comparison was performed, and lengths of stay for TKA and THA were not separated [15] . Finally, Inacio et al. showed LOS of 2.7 days (SD 0.8) for patients who had BS more than 2 years before TJA and 3 days (SD 1.4) for morbidly obese patients who did not undergo BS [17] . Again, THA was included and no statistical difference was found between groups. Watts et al. [42] 47 patients who had BS prior to THA 94 patients who did not have BS prior to THA Up to 5-year re-operation, revision surgery and PJI BMI body mass index, BS bariatric surgery, PJI periprosthetic joint infection, THA total hip arthroplasty, TKA total knee arthroplasty, TJA total joint arthroplasty
Discussion
Patients with a BMI of more than 40 face a relative risk ratio for TKA more than 30 times higher than individuals whose BMI is less than 25 [4] . Surgical weight loss is the most effective means by which to reduce excess weight in obese patients, and it has been shown to reduce obesity-related comorbid conditions and prolong life [1, 8] . As there are associations both between obesity and the risk for lowerextremity TJA and between obesity and complications after TJA, it is important to understand whether or not obesity is a modifiable risk factor prior to TJA. The purpose of this systematic review was to investigate the current literature to determine whether BS is associated with positive or negative effects on the outcomes of TKA and THA. We found that across a number of different outcomes, including revision, 30-day, 90-day, and other mid-term complications, there were no consistent results across studies. One study found reduced in-hospital complications for TKA and THA patients who had undergone prior BS [24] . There were several limitations in the studies included in this review. First, no prospective studies or randomized controlled trials (RCTs) have been published. Although RCTs would be ideal, they may not be pragmatic. Furthermore, insufficient power to detect differences between groups due to small sample sizes and infrequent event outcomes were major limitations of many studies. The inability to consider these studies as truly independent due to overlapping patient populations, as well as the heterogeneity in study design and methods for selecting/grouping patients, were other weaknesses. In addition, different types of BS and individual operative complications pose different risks of macro/micro-nutrient deficiencies and could affect the complication rate reported. Finally, the studies in this review should have addressed the question of the success rate of BS in the treatment of morbid obesity.
Regarding the risk of revision TJA, several studies documented no increased risk for re-operation in this patient population [15, 24, 28, 31] . Three studies found a higher revision rate in patients with BS and TKA when compared to a low-BMI group undergoing TKA [19, 22, 29] . Only one study showed reduced risk for THA revision in BS patients [42] .
Studies examining the effect of BS on complication rates within 30 days of TJA likewise have produced mixed results [15, 19, 24, 28, 29] . In-hospital complications might occur less frequently in those who had BS before TKA and THA than in morbidly obese patients [24] . Three studies [15, 17, 28] comprising 233 patients found no difference in 30-day complications when patients were stratified by time interval between BS and TKA, including patients who had TKA before BS. The largest study evaluating the effect of BS on 30-day complications comprised 5914 patients and found that complications were most frequent in patients who had BS before TKA. Of note, a potential confounder is that preexisting comorbidities were also more frequent in this group.
The effect of BS on complication rates within 90 days of TJA also showed variation across the studies [15, 17, 19, 24, 29, 36, 37, 43] . Two studies [24, 43] found that patients who underwent BS before TKA had lower rates of complications, two studies showcased no benefit of BS prior to TKA for 90-day complications [15, 36] , and one study [29] showed potential of BS resulting in an increase in complications. When looking at timing in THA/TKA, three studies showed no difference in 90-day complications based on BS [15, 36, 37] . McLawhorn et al. showed no advantage for prior BS with regard to 90-day complication risk for THA [24] .
Overall, we found that there is no consensus based upon the current evidence for BS utility prior to lower-extremity TJA. However, each study should be critically analyzed. In several of the comparative studies, imbalance in concomitant comorbidities across study groups may have confounded their analyses and biased them against the BS cohorts, as it is well known that morbidly obese patients undergoing BS tend to have a higher baseline comorbidity burden than morbidly obese patients not undergoing BS [32, 33] . For example, Nickel et al. found that patients who underwent BS before TKA had a greater risk of complications than either non-obese or obese controls who did not undergo BS [29] . McLawhorn et al. used propensity score matching to balance the comorbid conditions in their study groups prior to surgical inventions, thereby reducing the risk for bias in their analysis [24] . Ultimately, prospective trials are necessary to corroborate or refute risks and benefits from these observational studies.
Studies reporting complications beyond 90 days were inadequate to inform surgical decision-making regarding TKA [17, 29, 31, 36] . Limitations include a lack of statistical testing [31] and lack of separation of TKA from THA [17] . Nickel et al. found that patients who had undergone BS had higher rates of infection, revision, manipulation, extensor rupture, and osteolysis [29] . However, these outcomes occurred infrequently overall and the odds of each complication were less than twice those of patients with BMI of over 40. Nickel et al. also found some increase in mortality rates among patients who underwent BS before TKA, though mortality rates were under 0.25% in all groups [29] . Some of this increased risk, both in rates of complications and death, is likely due to higher rates of comorbidities observed in the BS group. The absence of consistent findings regarding complication rates, small effect sizes where differences were identified, and absence of data on longterm functional outcomes makes these data less actionable.
LOS serves as a proxy for patients' progress immediately after surgery, including any peri-operative complications. In our review, it appeared that BS had no significant effect on hospital LOS.
Given that obese patients make up an increasing proportion of patients receiving TKA, risk optimization in this more medically complex patient population is clinically important. Obese patients are more likely to experience complications including superficial and deep infection, acute kidney injury, cardiac arrest, and re-operation after TJA [12, 41] . Obesity also independently increases medical costs associated with TKA [14] . BS has been evaluated as a way to potentially reduce the risk of operating on these patients, but given the risks of a second elective surgery, it is imperative that orthopedic surgeons make recommendations to their patients based on an understanding of the current literature.
No studies have evaluated whether reduced biomechanical strain on the knee after BS eliminated the need for TJA in a subset of patients. Elevated mobility and exercise after BS may increase the number of patients requiring subsequent TKA [40] . Yet, this remains controversial; other studies suggest that weight loss after BS is associated with reduced knee complaints [10] . Further studies are required evaluating the proportion of people who require TJA following BS. It would also be beneficial to compare BS to non-surgical weight loss before TJA to determine how outcomes differ [16] . Lastly, there is growing favorability for performing sleeve gastrectomy over laparoscopic Roux-en-Y gastric bypass in the field of BS [25] . Yet, it is unknown how this switch in preference of BS type affects TJAs. Therefore, additional research is needed into the different types of BS and their resulting impact on TJAs.
The literature remains conflicted on the impact of BS on early, short-and long-term post-operative complications after TJA. Well-matched, observational studies may further our understanding of the impact of BS on TJA outcomes. In particular, the effect of the different BS types on TJA outcomes has yet to be elucidated. Ideally, prospective studies with higher levels of evidence are required to make more definitive conclusions as to the effects of BS on TJA. 
